ABSTRACT Near-infrared polarimetric images are presented for six molecular outÑow sources : IRAS 20050]2720, IRAS 20126]4104, IRAS 20188]3928, S233, AFGL 5180, and AFGL 6366S. All the regions are found to exhibit reÑection nebulae and to be associated with massive and clustered star formation. By inspecting polarimetric patterns in the nebulae, we have identiÐed six deeply embedded sources (DESs) which illuminate circumstellar nebulosity but are not detectable in wavelengths shorter than 2 km. While the DES in IRAS 20050 coincides with an infrared source in a previous, longer wavelength observation and the one in IRAS 20126 with a hot molecular core, the nature of the other newly discovered DESs is not known. From the compilation of the observations of DESs over a large wavelength range, we suspect that the DESs possess characteristics similar to hot molecular cores and are likely to be in the preultracompact H II region phase of massive star formation.
INTRODUCTION
It has long been known that reÑection nebulae are commonly found, in the optical and near-infrared wavelengths, to surround young stellar objects (YSOs). For observing reÑection nebulae which are intrinsically polarized due to scattering of dusty material, in general three conditions should be satisÐed : (1) there must be enough dust grains present in the circumstellar environment, (2) the size of dust grains should be near or smaller than the observing wavelengths, and (3) the YSO must be an abundant source of photons able to escape at the selected wavelengths (Weintraub, Goodman, & Akeson 2000) . Therefore, polarimetric observations toward the reÑection nebulae in starforming regions provide insights into density structures of circumstellar dust and properties of illuminating sources.
Using the polarimetric technique toward YSOs and outÑow regions, many authors have contributed to the study of star formation. SpeciÐcally, polarimetric study can provide information about properties of dust grains in the circumstellar environment (Pendleton, Tielens, & Werner 1990 ; Kim, Martin, & Hendry 1994) , and polarimetric images have been used to disentangle the geometry and structure of outÑow cavities (Minchin et al. 1991c ; Yamashita et al. 1987 ). In the vicinity of YSOs, polarimetric images often reveal a "" polarization disk,ÏÏ indicative of a dense circumstellar disk, which further constrains the disk orientation and thereby the outÑow direction (Bastien & 1988 (Bastien & , 1990 Tamura et al. 1991) . The working Me nard model for interpreting polarization maps has been developed in Monte Carlo codes that deal with multiple scattering (Bastien & 1988 ; Whitney & Hartmann Me nard 1992 , 1993 Fischer, Henning, & Yorke 1994 Lucas & Roche 1997 . In cluster regions, polarimetric imaging is a unique tool for distinguishing fake stars, i.e., the scattering peaks of nebular knots (e.g., Minchin et al. 1991a) , for distinguishing other cluster members rather than outÑow driving sources (Kastner, Weintraub, & Aspin 1992 ; Kastner et al. 1994) , and even for locating deeply embedded protostars which cannot be detected yet on intensity images at these wavelengths (Weintraub & Kastner 1993 .
Polarimetric images of reÑection nebulae allow us to exploit the patterns of polarization vectors, which outline the areas of single and multiple scattering. In the areas dominated by single scattering, such as in the evacuated outÑow cavities, the nebulae usually show high degrees of polarization, and the orientations of polarimetric vectors are displayed in a centrosymmetric pattern around illuminating sources (e.g., Weintraub & Kastner 1993) . The technique of using a polarization centroid to locate an embedded protostar has successfully been employed by Weintraub et al. in near-infrared polarimetric studies of molecular outÑow regions. Their K-band polarimetric images revealed the presence of deeply embedded sources in L1287 (IRAS 00338]6312 ; Weintraub & Kastner 1993) , LkHa 234 (PS 1 ; Weintraub, Kastner, & Mahesh 1994) , and AFGL 437 (WK 34 ; Weintraub & Kastner 1996) . All the deeply embedded sources (DESs) are barely seen on the K-band intensity images, and the correct identiÐcations of the sources have been conÐrmed by the follow-up L @-band (3.8 km) imaging (Weintraub et al. 1996) .
In this paper we present the near-infrared K s -band polarimetric images of six molecular outÑow regions, IRAS 20050]2720, IRAS 20126]4104, IRAS 20188]3928, S233, AFGL 5180, and AFGL 6366S (e.g., Hodapp 1994 and references therein). Although the observations could outline a broad approach to the nebular complexes and associated infrared clusters, in this paper we will focus on discussing the newly discovered DESs, which are invisible in the wavelengths shorter than 2 km but distinctly revealed by the polarimetric images.
OBSERVATIONS
The (2.16 km ; Tokunaga 1998) polarimetric K s -band images were obtained on 1997 October 17, 18, and 20 with the 1.88 m telescope at Okayama Astrophysical Observatory, using the infrared camera OASIS (Yamashita et al. 1995) . A polarimeter, which consists of a rotating achromatic half-wave plate and a Ðxed cold polarizer, was attached to the OASIS in observations. The assembly provides a D4@ Ðeld of view with a scale of pixel~1 (Yao et 0A .97 al. 1999 ). The instrumental polarization was measured to be less than 1%. Five to nine dithered sets of images were obtained ; each set consists of four images taken at 22¡ .5 steps of the wave plate. For each position of the wave plate, integration times of 90, 60, 40, 60, 50, and 50 s were taken for the regions of IRAS 20050]2720, IRAS 20126]4104, IRAS 20188]3928, S233, AFGL 5180, and AFGL 6366S, respectively. The weather was fair during the observations, and the FWHM of the seeing disk was measured to be 1A .8.
The images were reduced using the standard IRAF routines with the same processes as described by Yao et al. (1997) . The zero position angle of the polarization images was calibrated through observations of the polarized source AFGL 2591 Minchin et al. 1991b ), (h H \ 167¡, h K \ 171¡ ; and photometric calibration was made with observations of the standard stars HD 18881 and HD 3029 (Elias et al. 1982) . The intrinsic uncertainty in the photometry, without air-mass correction, was 2%. Astrometric measurement was made by employing the common stars in the images and K s in the Digitized Sky Survey. The absolute position uncertainty was estimated to be for the full-scale images. D1A .5 K s The polarization centroids toward the DESs were determined by naked eye and by using the same procedure as Weintraub & Kastner (1993) , in which the typical uncertainties in the vertical directions are D1A and D3A. -band polarization (up to 70%) in the nebula. The centrosymmetric pattern indicates a DES at the center of nebula, where only a dark lane can be seen on the intensity image. It is noteworthy that the existence of the DES has been readily conÐrmed by extensive observations in recent years. The identiÐed DES coincides well with the IRAS source, a hot molecular core, and water masers (Cesaroni et al 1999a ; Zhang, Hunter, & Sridharan 1998 ; Tofani et al. 1995) . Coincident with the bipolar nebula, collimated bipolar outÑow has been detected in shocked Cesaroni et al. 1997 ; Ayala et al. 1998) , in HCO`and SiO molecules (Cesaroni et al. 1997 (Cesaroni et al. , 1999a , in shocked NH 3 molecular jets (Zhang et al. 1999) , and in thermal ionized radio jets (Hofner et al. 1999) . Figure 2a presents the image for the region IRAS K s 20050]2720, which was initially observed by Bachiller, Fuente, & Tafalla (1995) and which exhibits multiple outÑows in three directions. Near-infrared imaging has been made by Chen et al. (1997) , who characterized the region in three subclusters. Figure 2b shows that, in the densest main subcluster, scattered light dominates the nebular emission. From the polarization pattern we can identify two illuminating sources, marked by the two stars in Figure 2b . The DES, more readily identiÐed by the polarization vectors in the northwest and southwest part of the nebula, can be conÐrmed in the L -and M-band images by Chen et al. (1997) as the reddest source (IRS 4) in the region. The DES appears to illuminate most of the scattering nebula, in spite of the other bright cluster members in the nebula. Figure 3 shows the image for the region AFGL 6366S. K s Two infrared nebulae can be found in the Ðeld, and the main nebula is associated with a cluster of stars. The main nebula is signiÐcantly polarized (Fig. 3b ) and may be delin- eated by polarization vectors into three parts, each with a centrosymmetric pattern around an illuminating source. The bright nebular core exhibits only low polarization ; the region appears to be unpolarized by thermal emission in a presumed compact H II region. The DES, identiÐed in the northeast part of the nebula, is located in a small, dark area on the intensity image. The astrometry shows that the DES is coincident with the ultracompact H II region and water FIG. 3a FIG. 3b FIG. 3 .È(a) image of AFGL 6366S in a Ðeld of 3@ and (b) the polarization map for the main nebula. North is at the top and east to the left. The K s -band area of the polarization map is shown by a square on the image, and the scale of the polarization map is in pixels pixel~1). The Ñux contours at higher (0A .97 levels are truncated for clarity. The illuminating sources of the nebula are marked by three star symbols ; the deeply embedded source is labeled DES. Two curves outline the three parts of the nebula, each dominated by an illuminating source. A plus sign marks the position of IRAS 06056]2131. maser emission et al. 1989 ; Kurtz, Churchwell, & (Ko mpe Wood 1994) . Again, the DES competes strongly in illuminating the nebula.
The image and polarization maps for the AFGL 5180 K s region are presented in Figure 4 . Here there is also a large infrared nebula associated with a cluster of stars and dominated by scattered light. The region has previously been observed in a smaller Ðeld of view by Tamura et al. (1991) , who show two bipolar nebulae with a shell structure around the same central illuminating source, IRS 1. However, the new observations reveal to us another deeply embedded illuminating source, lying at D3A northwest of IRS 1, around the dark area. It can be seen more clearly in the enlarged view (Fig. 4c) that, while the bright source IRS 1 is illuminating the eastern nebula, the DES could be responsible for illuminating most of the western nebula.
A DES is also uncovered in the region S233. In Figure 5 , S233 displays a small cluster associated with the far-infrared source IRAS 05358]3543 and, to the northeast, a nebular area with two bright peaks. The polarization map illustrates that both the bright peaks appear highly polarized and thereby are merely fake stars. In spite of the aligned pattern in the western nebula (see Jiang et al. 2000) , the centrosymmetric pattern in the eastern nebula locates a real illuminating source, the DES. It is found that the DES coincides well with the water maser spots in the region (Tofani et al. 1995) . Figure 6 presents the image and polarization map for K s the outÑow source IRAS 20188]3928 (Little et al. 1988) .
The nebula in the region shows generally a north-south extension, with two bright stars at the center. The nebula is also highly polarized, and both the bright sources are possibly responsible for the polarization. However, in an elongated area along the southeast-northwest direction, the polarization vectors exhibit a rather di †erent centrosymmetric pattern, which could unveil another illuminating source, the DES. The newly identiÐed nebular elongation, with a direction quite di †erent from the whole nebular extension, may indicate a newly burst outÑow driven by the DES. Di †erent from the DESs presented above, the DES in IRAS 20188 is not located in a dark area but associated with a reÑection knot, peaked at D2A to the southeast.
DISCUSSION

T he Characteristics of DESs
To characterize the DESs, we have inspected the source properties over a large wavelength range in the DES regions. The results are presented in Table 1 , which also includes the other four DESs, in the regions L1287, AFGL 437, LkHa 234, and G35.20N, discovered with the same technique (Weintraub & Kastner 1993 Walther, Aspin, & McLean 1990) . Table 1 shows that (1) most of the DESs are associated with clusters, (2) the DESs have no good coincidence with the far-infrared point sources in the regions, (3) the DESs also have relatively poor coincidence with radio continuum emission peaks, i.e., the ultracompact H II regions, and (4) almost all of the DESs are associated with water maser emission. However, it should be stressed that some DESs may not be in good coincidence with water masers due to the large astrometric uncertainties in the literature.
T he Nature of DESs
What kind of sources are the DESs ? IRAS 20126 has been extensively observed recently and is believed to be one of the best examples of massive protostars. Since it is also a DES, the knowledge about IRAS 20126 may provide viable means to further investigate the set of DESs. In fact, the DESs in L1287, AFGL 437, IRAS 20050, and LkHa 234 have been detected in the near-infrared L and M bands (Weintraub & Kastner 1996 ; Chen et al. 1997) , and all the DESs appear to be the reddest sources in the regions. Weintraub et al. have argued that the DESs are most likely the drivers of molecular outÑows, which could be consistent with the more recent concept that the youngest protostars tend to drive the most energetic and most highly collimated outÑows (e.g., Richer et al. 2000) . In what follows, we further discuss the nature of DESs while considering two questions.
The Ðrst question is, why does near-infrared polarimetry reveal the DESs, given that they cannot be seen directly ? This can be understood if the circumstellar structure of DESs is heavily asymmetric. In a disk and outÑow cavity conÐguration, the light from the central source may not be directly seen, but the mirror e †ect of dust scattering through the outÑow cavity could allow the detection of the central source via an optically thin route. It is amazing that many DESs are located just beside the brightest sources in the cluster but can still be detected, even with much competition in the surrounding nebulae. This feature indicates that the DESs must be luminous, at least in the nearinfrared. Therefore, there could be a large amount of hot dust around the DESs, which makes them, in fact, dominant illuminating near-infrared sources.
The second question is, what is the evolutionary stage of the DESs ? There are several lines of evidence indicating that the DESs must be very young. First of all, they are deeply embedded. In the standard picture of star formation, a substantial amount of circumstellar material is exactly the necessary condition to feed a forming star. Probably, since the DESs have a disklike conÐguration, inclination may have the potential e †ect of relaxing the "" self-embedded ÏÏ nature. However, the fact that the DESs are not only the reddest sources but also signiÐcantly luminous may make the inclination e †ect minor ; the DESs are very likely to be self-embedded in large amounts of circumstellar material (we have direct evidence only for IRAS 20126). Second, that the DESs are predominately luminous in the near-infrared further indicates a large amount of hot dusty material. Given the small obscured area around the DESs, 0.01È0.05 pc, typically, it can be expected that the DESs must be not only hot but also dense. Moreover, water maser emission also indicates a dense environment. Thus, the DESs have a nature very similar to hot molecular cores (Kurtz et al. 2000 and references therein). Third, the DESs have a signiÐcant association with water masers and sometimes with ultracompact H II regions. There is increasing evidence that water masers appear in the earliest stages of the protostellar evolution of massive stars (Cesaroni, Felli, & Walmsley 1999b ; Kurtz et al. 2000) . Water masers very often positionally coincide with hot molecular cores but do not seem to be physically associated with nearby ultracompact H II regions (e.g., Cesaroni et al. 1994 Cesaroni et al. , 1998 . It is argued that water masers and hot cores may trace a pre-ultracompact H II region phase of massive star formation, in which the high-rate infalling material can quench the development of an ultracompact H II region. In this picture, DESs could be a manifestation in the near-infrared of the earliest phase of massive star formation.
T he SigniÐcance of DESs
The set of near-infrared DESs provides new insights into massive and clustered star formation. The discovery of DESs strongly indicates a disk and outÑow cavity structure. This implies that the disk-outÑow phenomenon is also a basic component in the formation process of massive stars, even in the earliest phase. Thus, the massive protostellar cores may share similar characteristics to those of low-mass stars. Many DESs are found in clusters with other evolved low-mass and more massive members, which may imply a sequence in the cluster formation. One could say at least that the birth of some massive members in clusters takes place as events in the process of cluster formation, although it is not immediately clear if cluster formation takes a continuous way. Furthermore, many DESs are found in the vicinity of the brightest sources in clusters ; the formation process of the DESs could inevitably be a †ected by the evolved bright members. This feature may also provide valuable constraints for theoretical considerations. For instance, do massive stars provide a suitable environment to bear new stars ?
Near-infrared polarimetry is underscored in the presen- tation of studies of massive star formation. If the DESs are truly hot cores, near-infrared polarimetric imaging possesses two advantages for enhancing the study. With largeformat near-infrared arrays, it can be expected to readily increase the samples of hot cores, in particular, for the nearby samples. Simultaneously, the near-infrared images could reveal the cluster environment around DESs with high spatial resolution. One should be reminded, however, that the nature of DESs needs further conÐrmation with high-resolution (sub)millimeter-wave observations.
CONCLUSIONS
Near-infrared polarimetric images have been obtained for six molecular outÑow regions, IRAS 20050]2720, IRAS 20126]4104, IRAS 20188]3928, S233, AFGL 5180, and AFGL 6366S. By inspecting the polarimetric patterns, we have newly identiÐed six deeply embedded sources in each region. Of the 10 DESs known to date, most are located in clusters and associated with water maser emission but appear to have no good coincidence with IRAS sources and poor coincidence with ultracompact H II regions. Although there is evidence for only the IRAS 20126 DES, we suspect that the DESs possess characteristics similar to hot molecular cores and are likely to be in the pre-ultracompact H II phase of massive star formation. The set of near-infrared DESs may provide new constraints for theoretical models of massive and clustered star formation. With further conÐrmation by (sub)millimeter-wave observations, nearinfrared polarimetry is expected to provide a new, powerful probe in the search for massive protostars.
